nisms that are also used in the production of long-term but not long-term potentiation (LTP) of synaptic transdepression (LTD) in perirhinal brain slices. This hypothemission in perirhinal slices. The consistency of these sis arises not only because of the observed direction effects across the behavioral, systems, and cellular of response change with stimulus repetition but also levels of analysis provides strong evidence for the because computational modeling of familiarity discrimiinvolvement of cholinergic mechanisms in synaptic nation establishes that synaptic weakening produces a plastic processes within perirhinal cortex that are necmajor gain in storage capacity over synaptic strengthenessary for recognition memory.
polamine to monkey perirhinal cortex produces an imperirhinal cortex before, to be active during, sampling (acquisition); see Figure 1A . When saline was infused pairment in the performance of a visual recognition memory task (Tang et al., 1997). Importantly, a previous before sampling, the rats spent significantly more time exploring the novel than the familiar object [t(5) ϭ 3.52; experiment has challenged the suggestion that neuronal response reductions are the basis of familiarity discrimip Ͻ 0.02]; however, there was no significant such preference when scopolamine had been infused before samnation, as at short delays (Ͻ5 s) such reductions were unimpaired by systemic administration of the muscarinic pling [t(5) ϭ 1.89; p Ͼ 0.1], and the interaction between drug and preference was significant [repeated measures antagonist, even though a monkey's performance of a delayed matching to sample task at such delays was ANOVA, F(1,5) ϭ 12.9, p ϭ 0.016]. This impairment indicates that the action of scopolamine is produced even impaired (Miller and Desimone, 1993 ). Here we report the effects of scopolamine on familiarity discrimination when administration is local to perirhinal cortex. In sum, scopolamine impaired familiarity discriminabehavior in rats together for the first time (according to our knowledge) with its effects on neuronal activity tion by an effect that was selectively on acquisition (or consolidation) rather than retrieval and impairment was changes at long delays and on perirhinal plasticity. produced even when drug administration was local to perirhinal cortex. Results
Preferential Exploration of Novel Objects Preferential Neuronal Activation to Novel Pictures Measured by Fos Expression Experiment 1: Systemic Administration of Scopolamine prior to Acquisition
Effects of Familiarity Previous work (Zhu et al., 1996; Wan et al., 1999) has Scopolamine impaired familiarity discrimination when present during sampling (acquisition). Thus, during the established reliable differences between the two hemispheres in counts of Fos stained nuclei in perirhinal recognition memory test that occurred 15 min after the sampling period, the time spent exploring a novel object cortex (PRH) and neighboring visual association cortex (area Te2 [TE]) but not in entorhinal cortex (ENT) or was significantly greater than that for a previously sampled (i.e., familiar) object for the control but not the hippocampus (HPC), when one eye has been exposed to novel and the other previously presented stimuli in the scopolamine-treated rats [ANOVA of difference in exploration times-D1 index-between the two groups: paired viewing procedure ( Figure 2A ). As the behavioral results of experiment 1 indicated that the action of sco-F(1,11) ϭ 4.95; p Ͻ 0.05]; see Figure 1A . The control rats reliably discriminated between novel and familiar polamine was at acquisition, effects upon Fos expression were sought for scopolamine given before the familobjects [t(11) ϭ 5.31; p Ͻ 0.001]. In contrast, scopolamine-treated rats failed to show significant discriminaiarization trials but not during the final test comparison of novel and previously presented stimuli. Fos counts tion [t(11) ϭ 1.56; p Ͼ 0.1]. Experiment 2: Systemic Administration were made in PRH and TE, plus three control regions-ENT, dorsal CA1 field of the hippocampus (HPC), and of Scopolamine after Acquisition Scopolamine was without significant effect on familiarity primary auditory cortex (AUD)-where differences between novel and previously presented stimuli were not discrimination when administered after acquisition. In this case, when sampling occurred without the drug, an expected ( Figure 2B ). As in the previous work, the Fos counts were normalized across hemispheres and rats. analysis of the difference in exploration times during the recognition memory test revealed no significant differThese normalized counts from each of the five brain regions sampled were compared for the saline control ence in discrimination between the control and scopolamine-treated animals [D1 index; ANOVA, F(1,11) Ͻ 1.0]; and methyl scopolamine (a cholinergic antagonist which does not cross the blood-brain barrier) control groups see Figure 1A . Both the control and the drug-treated animals reliably discriminated novel from familiar obusing ANOVA with factors rat, stimulus repetition, and area; see Figure 2C . No significant differences in mean jects [t(11) ϭ 5.13 and 7.76, respectively; p Ͻ 0.001]. Exploration during the Sampling Period counts across, nor any significant interactions involving, these factors were revealed (all Fs Ͻ 1.0), and so the There was no evidence of an effect of systemic scopolamine on general explorative behavior. To establish this, data from these two control groups were pooled for the subsequent analyses. the total time required by the rats to complete 25 s of exploration of the objects presented for familiarization Differences in Fos counts between the combined control group and the scopolamine group were established during the sampling period was recorded. ANOVA of these times revealed no significant differences [F(1,11) Ͻ in the following way. A repeated measures ANOVA with factors for area, stimulus repetition (novel or repeatedly 1.0] between the control (mean ϭ 138.5 Ϯ 11.1 s) and scopolamine-treated animals (mean ϭ 147.4 Ϯ 7.4 s) presented), and drug (scopolamine or control) revealed significant interactions for stimulus repetition by drug when scopolamine was administered before sampling commenced (experiment 1). Similarly, and as to be ex- Figure 2C . Thus, scopolamine treatment disrupted the normal differential expression of Fos not differ significantly (ANOVA) among the scopolamine, the methyl scopolamine control, and the saline control for novel and previously seen stimuli in PRH and TE.
As a previous experiment (Tang et al., 1997) in the groups, either overall or for any individual area; see Table 1 . monkey indicated that scopolamine had an action in perirhinal cortex but not anterior visual association corIn sum, scopolamine selectively disrupted the normally greater neuronal activation produced by novel tex, the data for PRH and TE were separately analyzed induced following either of the above LFS protocols such as prefrontal cortex (Brown, 1996; Brown and Xiang, 1998). It should be noted that delay activity could (Ϫ40mV: 5% Ϯ 5%, n ϭ 5, p Ͼ 0.05; Ϫ70mV: 3% Ϯ 6%, n ϭ 5, p Ͼ 0.05). This difference between the control not be expected to support memory retention across the long, distraction-containing delays that were emand scopolamine-treated slices was highly significant [F ( However, to our knowledge, our current results provide interference with cholinergic transmission has consistent, selective effects at the behavioral, systems and the first evidence that LTD in the perirhinal cortex is dependent on the synaptic activation of muscarinic recellular levels of analysis. This consistency of action provides experimental support to the hypotheses that ceptors. Moreover, the effect of muscarinic antagonism was specific to LTD, being without effect on LTP. This (1) perirhinal neuronal response reductions underlie recognition memory, (2) these response reductions arise finding thus provides the first evidence indicating that familiarity discrimination may be impaired by the selecfrom a synaptic plastic mechanism used in LTD, and (3) cholinergic neurotransmission is essential to both these tive impairment of mechanisms used in LTD. There are good grounds for believing that the obprocesses as well as familiarity discrimination behavior.
Thus, in particular, the Fos immunohistochemical reserved impairment of recognition memory arises from blockade of muscarinic receptors within the perirhinal sults establish for the first time (to our knowledge) that the cholinergic muscarinic antagonist scopolamine can and/or neighboring cortex. Thus, localized perfusion of scopolamine via a cannula implanted in rat perirhinal disrupt the differential activation of rat perirhinal neurons by novel and familiar stimuli when the period for cortex was sufficient to impair recognition memory. This finding supports the impairment of recognition memory which information must be retained is long (Ն3 hr). This finding contrasts with the lack of effect found at short found with perirhinal scopolamine infusion in monkeys (Tang et al., 1997). Additionally, in the present experi-(Ͻ5 s) delays in monkeys (Miller and Desimone, 1993) . Thus it is possible that the memory impairment at short ments, an effect on differential Fos activation was found in perirhinal cortex and Te2, without a general effect in delays is due to an effect of blockade of muscarinic receptors on another process, such as delay activity all brain regions. In particular, no effect of scopolamine was found in the hippocampus, though, as in previous (Fuster and Jervey, 1981), or within another brain region, The results of the behavioral experiments demonstrate that the effect of muscarinic antagonism was selectively upon acquisition or early consolidation rather than retrieval, as impairment was only found when the scopolamine was present during acquisition and not saline. Forty-eight hours later, the rats were tested again: this time, the control rats were given scopolamine and the drug group saline. , 1999) ensured that the rat's behavior (which was monitored by camera and videorecorded) was All scoring of exploratory behavior was done without the drug status of the rat being known. For each test session, the total exploration the same for the novel and familiar pictures. The visual pictures were 2D representations of single objects taken from Microsoft Cliptimes for the novel and familiar objects were calculated. From these times was calculated D1: the absolute difference in time spent exArt. They were varied in color and shape. Training ploring the novel and familiar objects. D1 was calculated for the first 2 min of the test session, as this period has been shown to be During training, the rats were allowed ad libitum access to water for 2 hr each day. Each rat was pretrained for 3 days without stimulus a more sensitive measure of discrimination than all 3 minutes (Dix and Aggleton, 1999). Group comparisons used a within-subjects presentation to go to the observing hole for juice reward. The subsequent training period lasted 6 days, with two morning training ses-ANOVA. One-sample t tests were used to determine whether the groups' D1 scores were above zero (p Ͻ 0.05): zero corresponds sions and one afternoon session per day. The second morning session followed the first without a delay, and in each of these morning to a lack of discrimination between novel and familiar objects. Cannulation Surgery sessions, two sets of 30 pictures were presented one to each eye. One of these sets was the "repeat set" (RPT set) that would be Rats were initially anaesthetised with Sagatal (0.25 ml at 60 mg/ml i.p.) and anesthesia was maintained with halothane. The rats were shown in the final test; the other would not be so tested. The eye that could see the RPT set alternated across days so each eye was placed in a stereotaxic frame with the incisor bar set at Ϫ3.3 mm below the interaural line. Two stainless-steel guide cannulae (26 exposed to these stimuli the same number of times. In the afternoon training session, 3 hr after the end of the morning session, one eye gauge, Plastics One, Roanoke, Virginia) were implanted at an angle of 20Њ to the vertical, through burr holes in the skull, according to was exposed to the RPT set of pictures while the other eye was exposed to a set of 30 novel pictures. A different set of 30 novel the following coordinates: AP Ϫ5.6 mm, L Ϯ 4.47 mm (relative to bregma), V Ϫ6.7 mm (relative to surface of the skull). The guide pictures was shown each afternoon to familiarize the animal with seeing novel and familiar pictures simultaneously. Again the side of cannulae were anchored to the skull by two stainless-steel skull screws (Plastics One) and dental cement. Cannulae were obdurated presentation of the novel and RPT sets was counterbalanced across days. Thus, the different sets of novel and the RPT set of stimuli by dummy cannula between infusions. Following surgery, fluid replacement therapy (5 ml saline s.c.) and analgesia (0.05 ml Temgesic were presented such that by the end of the experiment each eye had seen the same number of novel and repeated stimuli. The final i.m.) were administered and the animals housed individually. The animals were allowed to recover for at least 10 days before habituaset of novel pictures (the NOV set) was shown with the RPT set on the afternoon of day 6, one eye seeing each set. The RPT set for tion began. Histology half the animals was the NOV set for the other half of the animals, so that the particular pictures used were counterbalanced across Following the completion of the experiment, subjects were anaesthetised with Euthatal and perfused transcardially with phosanimals. Additionally, whether the left eye or the right eye was exposed to the NOV set was counterbalanced across animals (so that phate-buffered saline followed by 4% paraformaldehyde. 
Thus the results establish the value of the perirhinal

